Abstract Pancreatic adenocarcinoma is the most common pancreatic malignancy, and it occurs most commonly in the pancreatic head. It has a relatively low incidence; however it is a deadly disease and is the fourth most common cause of cancer deaths for males and females in the United States. Surgical resection in the form of pancreaticoduodenectomy is the mainstay of treatment and can lead to improved overall survival as well as the possibility of a cure, although only 10 % of patients are resectable at presentation. In an attempt to improve outcomes and survival, surgeons over the decades have employed various aggressive resectional strategies to combat this disease. In this paper we review the development of pancreaticoduodenectomy and touch on the role played by the American surgeon Allan Whipple in this development. We review modern data regarding radical pancreaticoduodenectomy and extended lymphadenectomy for pancreatic head cancers, as well as data and controversies regarding arterial and venous resection performed during the course of pancreaticoduodenectomy. The role of extended and vascular resections in the treatment of pancreatic neuroendocrine tumors in contrast to adenocarcinomas is also examined. We summarize the current state of data regarding radical pancreaticoduodenectomy and discuss pushing the boundaries of surgical resection to help improve outcomes for select groups of patients.
Background and Description of Pancreatic Cancer
Malignant lesions arising in the pancreas comprise a heterogeneous group of cancers specific to their cell of origin. The different types of pancreatic cancer also correspond to both endocrine and exocrine functions of the pancreas; thus, a wide variety of tumors ranging from adenocarcinomas to neuroendocrine tumors have been identified. Nevertheless, nearly 95 % of pancreatic cancers arise from the exocrine pancreas and pancreatic duct adenocarcinoma is the most common malignancy [1] . Although pancreatic adenocarcinoma may have a relatively low incidence, this disease has been estimated to be the 9th and 10th most frequent cancer in females and males, respectively. Despite the low incidence, pancreatic adenocarcinoma is quite deadly, ranking as the 4th mostcommon cause of cancer-related deaths in both males and females in the US [1] . Approximately 75 % of these cancers occur in the pancreatic head and are treated with pancreaticoduodenectomy. The poor outcomes reflect the highly aggressive nature of this cancer and highlight the need to improve upon our current treatment strategies. Since surgical resection is the only treatment to offer potential for cure, we will focus our review on established and promising surgical techniques to eradicate this deadly disease.
Historical Perspectives of Pancreatic Adenocarcinoma
The cornerstone of curative-intent treatment for pancreatic adenocarcinoma is surgical resection and only a mere 10 % of all patients are eligible [2] . Credit for the development of the first successful pancreatic head resection has been bestowed upon Allan Oldfather Whipple. The operation bearing his name (i.e., "Whipple") was originally performed in two steps: (1) cholecystogastrostomy or other bilio-enteric anastomosis for decompression of the obstructed biliary tract and (2) weeks later, resection of the distal stomach, duodenum, and pancreatic head [3] . AO Whipple subsequently refined the operation as a single-stage procedure [4] . However, the operation as it is performed today is different from the procedure described by AO Whipple. Instead, the current operation as it is performed today involving cholecystectomy, common hepatic duct resection, gastrectomy, duodenectomy and transection at the pancreatic neck, was championed and refined by Waugh and Clagett in 1946 [5] . Modifications to this established series of steps have been attempted to improve the outcomes of our patients with pancreatic adenocarcinoma.
Historical Outcomes for Resection of Pancreatic Head Adenocarcinoma
Despite the low numbers for eligibility, surgical resection can improve the survival of patients with pancreatic adenocarcinoma. Only three to four decades ago, pancreaticoduodenectomy was an operation that was associated with prohibitively high morbidity and with mortality rates reaching 20 %-40 % [6] . Refined surgical techniques and improving surgical critical care have now resulted in operative mortality rates below 2 % [6] . The advances in perioperative outcomes have translated to improvements in long-term outcomes. In one of the largest single-institution series, Cameron et al. reported that the 5-year survival rate for 405 patients who underwent resection for adenocarcinoma of the head of the pancreas was 18 % for the entire cohort and 32 % when the patients had lymph node negative disease [7, 8] . Since surgical resection is the only option to provide durable long-term survival, innovative surgical techniques or strategies have been sought to improve upon current outcomes.
Patient Evaluation and Selection for Resection
Pancreatic adenocarcinoma is a deadly disease in part because disease-related symptoms are often vague and nonspecific. Consequently, patients present for evaluation with advanced stages of disease. Common presenting symptoms include weight loss, jaundice, and abdominal pain and corresponding physical examinations are just as unrevealing. For patients with suspected intra-abdominal malignancy, radiographic imaging is the next step in the evaluation. In fact, proper imaging is a critical and essential component of the preoperative management of patients with suspected pancreatic adenocarcinoma. The extent of disease must be carefully evaluated, especially the spatial relationship of the tumor to the nearby vascular structures, such as the superior mesenteric artery (SMA) and vein (SMV), the splenic vein, and the portal vein (PV). Multidetector computed tomographic (CT) imaging with pancreas protocol is the recommended imaging study for evaluation of pancreatic malignancies exhibiting high positive and low negative predictive values for determining resectability of pancreatic adenocarcinoma [9] . Pancreas protocol CT utilizes thin cuts (1-3 mm) through the pancreas with two phases of intravenous contrast enhancement: first, a pancreatic arterial phase, followed by a portal-venous phase [9] . While multidetector CT imaging has become the preferred modality of imaging diagnosis, MRI can also play a role in diagnosis due to its superior contrast for soft tissues, especially for small tumors less than 2 cm or in cases of fatty infiltration of the pancreatic head [10] .
Once imaging has been obtained, pancreatic cancer can be categorized into 3 groups: (1) resectable, (2) borderline resectable, and (3) locally-advanced [11] . Resectable cancers have no extension to the SMA, have a normal fat plane surrounding the SMA, have no extension to the celiac axis or common hepatic artery, and have possible abutment but patency of the SMV and PV. In contrast borderline resectable cancers may have <180°abutment of the SMA, shortsegment encasement or abutment of the common hepatic artery, or short-segment segmental occlusion of the SMV/PV with patent proximal and distal vessels. These borderline resectable patients may become eligible for surgical intervention with downsizing of disease, but are not immediate candidates for surgical resection. Finally, locally-advanced pancreatic cancers have >180°encasement of the SMA, encasement of the celiac axis or common hepatic artery, or complete occlusion of the SMV/PV [11] . Patients with locally-advanced cancers are not candidates to undergo surgical resection [12] . Surgeons have pushed the envelope for patients in all three categories of patients and we explore those conditions below.
Extended Pancreaticoduodenectomy With Major Vascular Resection
In the 1970s, the involvement of the major vascular structures (i.e., portal vein, celiac axis, or superior mesenteric artery) was considered a contra-indication for curative-intent surgical resection of pancreatic adenocarcinoma. However, during this period of time Joseph Fortner at Memorial Sloan-Kettering Cancer Center reported on his series of patients who underwent complex resections for cancers involving these vascular structures [8] . Through his technique of regional pancreatectomy, Fortner performed en bloc resection of the pancreatic tumor along with soft tissue margins, regional lymphatics, and a segment of the portal vein immediately adjacent to the pancreas. The portal vein was reconstructed through direct end-to-end anastomosis with the superior mesenteric vein [8] ; adequate length for a tensionfree anastomosis was obtained by releasing the base of the small bowel mesentery and moving it cephalad [13] . Despite the increased complexity of his procedure, Fortner's patients had a mortality rate of 8 % and median survival rate of 40 months postoperatively, and Fortner was able to demonstrate that vascular invasion was not a contraindication to surgical resection [13] .
Subsequent studies have also attempted to better define the role of vascular resection in patients with pancreatic adenocarcinoma. Hartel et al., examined outcomes between their cohort of patients (n=271) who underwent pancreaticoduodenectomy +/− major vein resection. Their analysis revealed no difference in the rates of perioperative morbidity, mortality, and 5-year survival between the two groups [14] . Similar results were observed by Tseng et al., at MD Anderson Cancer Center for their patients who underwent pancreaticoduodenectomy with major vascular resection. The rates of overall survival were similar among patients regardless whether major vein resection was performed [15] . Other series have further verified the safety and efficacy of including major vein resection in select patients with pancreatic head adenocarcinoma [16] . Thus, it is clear that although major venous resection may not improve survival beyond pancreaticoduodenectomy alone, it nevertheless allows patients who would otherwise be deemed to be unresectable to undergo curativeintent surgical resection (Fig. 1) .
Extended Lymphadenectomy
In standard pancreaticoduodenectomy the local lymph nodes near the head of the pancreas are resected in the routine course of the procedure. Surgeons have questioned whether more extensive or extended lymphadenectomy may improve outcomes in patients with pancreatic adenocarcinoma. This clinical question is based on the rationale that complete resection of regional lymph nodes may increase disease control and consequently increase patient survival [8] . Randomized trials have been completed and provide a clear answer to this question. The first of these trials was reported by Pedrazzoli et al. from the Lymphadenectomy Study Group [17] . In this multiinstitutional, randomized trial, patients were prospectively accrued to undergo either standard pancreaticoduodenectomy or pancreaticoduodenectomy with extended lymphadenectomy. Standard lymphadenectomy involved resection of the anterior and posterior pancreaticoduodenal, superior and inferior pancreatic, pancreatic body, and pyloric and bile duct lymph nodes. In contrast, extended lymphadenectomy also involved resection of lymph nodes at the hepatic hilum, along the aorta from the diaphragmatic crus to the inferior mesenteric artery, at the bilateral renal hila, and at the origin of both the celiac axis and superior mesenteric artery. In the final analysis, although a greater number of lymph nodes were harvested and identified in the extended lymphadenectomy group (18.8 vs. 13.3, respectively), there was no difference in overall survival between the two groups. Yeo and colleagues from The Johns Hopkins Hospital conducted a single-institution randomized trial of standard versus extended lymphadenectomy [18] . The authors also noted greater lymph node yields in the extended lymphadenectomy group (27 vs. 16, respectively), but again no difference in overall survival between the two groups. Long-term follow-up verified the lack of difference in overall survival between the two groups [19, 20] . Similar outcomes were observed in a separate single-institution study at the Mayo Clinic [21] .
Based on the strength of data from several randomized trials, extended lymphadenectomy for pancreatic adenocarcinoma does not confer a survival advantage. Therefore, pancreaticoduodenectomy with extended lymphadenectomy remains investigational and should be avoided in the routine surgical management of patients with pancreatic adenocarcinoma.
Oncologic Controversy: Pancreaticoduodenectomy and Arterial Resection
While it may be clear that major venous resection can be performed in curative-intent pancreaticoduodenectomy, the resection of major arterial structures (celiac axis and superior mesenteric artery) for pancreatic adenocarcinoma is controversial and not well studied. Indeed, it is a commonly accepted contraindication to curative surgery. One early concern with arterial resection is simply the risk of devascularization of distal organs with resulting malperfusion and possible organ necrosis. An early report of major arterial resection for intra- abdominal malignancies came in 1953 from Appleby, who reported on 13 cases of total gastrectomy in conjunction with resection of the celiac axis and distal pancreatectomy for locally-advanced gastric cancers with pancreatic invasion [22] . In that series of patients collateral blood flow from the SMA through the gastroduodenal artery was the key in organ perfusion. None of the patients had evidence of organ ischemia, and there were no postoperative deaths. More recently, Makary et al., described a case of en bloc pancreatectomy, total gastrectomy, splenectomy, and resection of the celiac axis for a pancreatic adenocarcinoma that invaded the posterior stomach and the celiac axis [23] . In their patient, flow from the superior mesenteric artery through the gastroduodenal artery was first seen on CT imaging, and later confirmed intraoperatively by vascular testing prior to resection. The patient's post-operative course was unremarkable, and the paper also demonstrated that resection of the celiac axis is possible.
Singh and colleagues at the University of Southern California University Hospital also reported their experience with major arterial resection. In a modification of the Appleby procedure [24] , three patients with central pancreatic adenocarcinomas and malignant involvement of the celiac trunk were reviewed. In their series, all patients underwent CT imaging pre-operatively, and one also underwent mesenteric angiography to determine circulation from the superior mesenteric artery. All patients underwent extended pancreatectomy with resection of the celiac axis, and subsequently had a mean hospital stay of 8.3±1.1 days. At the time of the report, all three patients were alive and free of disease at 34, 14, and 14 months of follow-up, respectively.
A larger series examining arterial resections for pancreatic adenocarcinoma was reported by Stitzenberg et al. [25] . In their series, 12 patients underwent pancreaticoduodenectomy with arterial resection (celiac axis resection, n=10; and hepatic artery resection, n=2). All patients suffered at least one complication, and median survival after resection was not significantly different when compared to their group of 252 patients undergoing pancreaticoduodenectomy without arterial resection (20 vs 21 months). The authors concluded that while arterial resections are technically feasible, major artery involvement by tumor should remain a contraindication to resection.
Amano and colleagues from Tokyo recently published their experience with arterial resections and pancreaticoduodenectomy [26] . In this series, 23 patients with pancreatic adenocarcinoma who underwent arterial resections with pancreatectomies were retrospectively reviewed. Operative mortality was 4.3 %. Based on the pathologic results of the resected specimens, fifteen patients who were found to have UICC M0 disease were compared to 8 patients who were found to have M1 disease. Patients with M0 disease had a one-year survival rate of 62 % and a median survival time of 16 months, versus M1 patients who were found to have a median survival time of only 10 months. Eighteen patients with R0 resections had a one-year survival rate of 67 % and 13 months median survival, as opposed to R1/R2 patients who had a 6 month survival rate. The paper concluded that arterial resection is useful only when an R0 resection can be done in a patient with M0 disease [26] . Median operating time in this series was 686 min, and median blood loss was 2,830 mL, clearly illustrating that pancreatectomies with arterial resections are technically demanding cases.
Radical Resections for Pancreatic Neuroendocrine Tumors
Pancreatic adenocarcinoma and the role of various types of vascular resections has been focused on in this review, however an aspect of pancreatic surgery for which the role of vascular resection differs is in the treatment of pancreatic neuroendocrine tumors; we will briefly touch on this topic. In general, pancreatic neuroendocrine tumors (PNET) are a rare group of tumors with an incidence of 1 to 10 per million [27, 28] . These tumors include insulinoma, glucagonoma, gastrinoma, VIPoma, and somatostatinoma, and are generally classified as functioning or nonfunctioning tumors. As with pancreatic adenocarcinoma, patients with PNET may present for medical evaluation late, and locally-advanced and metastatic disease are commonly seen. Hellman and colleagues from Sweden have described their series of 31 patients, all with large or malignant PNET [27] . They described 8 patients with suspected preoperative vascular involvement, either the superior mesenteric vein (SMV) or the portal vein (PV), and an additional 15 with adjacent organ involvement. At surgery, 12 of the patients were found to have involvement of the SMV, PV, or splenic vein. In this report, the operation performed depended on the location of the tumor within the pancreas, and included pylorus-preserving pancreaticoduodenectomy, classic Whipple pancreaticoduodenectomy, total pancreatectomy, distal pancreatectomy, and subtotal pancreatectomy. Traditionally, as with pancreatic adenocarcinoma, PNET vascular involvement was considered a contraindication to resection, however based on the experience previously reviewed regarding adenocarcinoma [14, 15, 17] , resection of these locally advanced, and even metastatic tumors was undertaken. Of the patients described above, 4 had PV or SMV involvement and all received complete resection of their tumor with vascular reconstruction by vein patch, vein graft, or synthetic graft. The group also reported a low rate of complications as well as mortality. While Hellman's group did not describe survival in these cases of advanced disease, a larger prospective trial enrolling 273 patients was conducted by Norton and colleagues from Stanford University [29] . They found that 46 of the patients had radiographic evidence of vascular involvement preoperatively; however at operation, 29 of the patients had tumors encroaching, abutting, or distorting the major vasculature, while only 15 of these patients were found to have actual vascular invasion. Vascular reconstructions after resections of the PV, SMV, or SMA were performed using venous grafts. Forty-one percent of the patients in the series were also found to have liver metastasis and underwent successful metastasectomy either by wedge or anatomic resection. The groups' surgical outcomes revealed no operative mortalities. Ten-year actuarial overall survival was 60 %, with a diseasefree survival of 30 %. Disease-free survival was unchanged by vascular reconstruction, though was negatively affected by hepatic resection. Despite 40 % of the patients undergoing liver resection and 20 % undergoing vascular reconstruction, the overall survival was far superior to previously-reported historical reports of 40 % 5-year survival [30] . While PNET are rare and research in this area has such been limited, radical resections for locally advanced and even metastatic disease have been shown to be safe and feasible. Research has shown that preoperative vascular evaluation can be incorrect in up to 50 % of cases. There has now been shown to be a significant survival advantage in undergoing a radical resection, including arterial resections (Fig. 2) , in comparison to historical survival data. The biology of neuroendocrine tumors is obviously different than that of adenocarcinomas, however in the case of PNET, surgery even in the presence of vascular invasion or liver metastasis is indicated.
Conclusion
Great advances in operative technique, anesthesia, and critical care have been made since Allen O. Whipple first published his report on pancreaticoduodenectomy; however, pancreatic cancer still remains a disease that is challenging and frustrating for patients and physicians alike. Rates of recurrence can be high, ranging from 50 % to 87 % of patients, even after resection with curative intent [31] [32] [33] . Adjuvant chemotherapy with gemcitabine has been shown to significantly increase overall survival and disease-specific survival in pancreatic cancer patients after resection compared to observation alone, although this increase in overall survival is seen to be only 2 months [34] . The care of patients with pancreatic cancer will continue to be multi-disciplinary in the future; however surgery remains the cornerstone in improving outcomes for patients, and by pushing the boundaries of resection in appropriatelyselected patients we may see improved outcomes and survival in the future.
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